INTRODUCTION
Polyploidy, resulting from either intraspecific genome duplication (autopolyploidy) or combination of two or more distinct genomes (allopolyploidy), is generally viewed as an important driver of plant evolution and the clearest route to sympatric speciation in natural populations (Adams and Wendel, 2005) . Polyploidy promotes variability through change in the chromosomal number per se, increased genetic diversity and genomic restructuring, potentially resulting in beneficial new phenotypes and evolutionary innovation in physiological and ecological flexibility (Baack and Rieseberg, 2007; Ramsey and Ramsey, 2014) . Moreover, unreduced female gametophytes following polyploidy can be produced through meiotic abnormality in the megasporocyte (diplospory), allowing an evolutionary transition from sexual to asexual reproduction via apomixis (OziasAkins and van Dijk, 2007; Cosendai et al., 2013) . Apomixis is typically associated with polyploidy, since many apomictic taxa are of allopolyploid origin (Sochor et al., 2015) . Recent reviews focused on the role of polyploidy in divergence and speciation within sexually reproducing plants (Rieseberg and Willis 2007; Hegarty and Hiscock 2008; Soltis, 2013 ), yet these processes in apomictic polyploids have been less well studied (Hörandl and Paun 2007; Robertson et al., 2010) . In addition, relatively few attempts have been made to evaluate and compare genetic differentiation between apomictic and sexual relatives, in which life history may impact on the pattern and level of genetic variation.
Anthosachne Steudel, a polyploid perennial genus in the wheat tribe (Poaceae: Triticeae), includes three species native to Australia: Anthosachne australasica Steudel, Anthosachne aprica (Löve et Connor) C. Yen et J. L. Yang and Anthosachne multiflora (Banks et Solander ex Hook. f.) C. Yen et J. L. Yang. Anthosachne was distinguished as a separate genus from traditional Elymus sect. Anthosachne, with A. australasica Steudel as the type species (Yen et al., 2006) . Morphologically, Anthosachne differs from most genera of the Triticeae in its tendency to have rather slender culms with drooping inflorescences and large, widely spaced, solitary spikelets (Yen et al., 2006; Barkworth and Jacobs, 2011) . The habits preferred by Anthosachne species are dry alpine meadow and coastal desert. Cytologically, all the species of Anthosachne are allohexaploids (2n ¼ 6x ¼ 42) with StYW genomes (Torabinejad and Mueller, 1993; Yen et al., 2006) . The St and W genomes are derived from Pseudoroegneria (Nevski) A Löve and Australopyrum (Tzvelev) A Löve, respectively (Löve, 1984; Wang et al., 1994) . It is unknown where the Y genome originates, although it is a fundamental Anthosachne genome (Torabinejad and Mueller, 1993; Yen et al., 2006) . Dewey (1984) considered that the Y genome has its origin in Central Asia or the Himalaya region, and may be extinct. Extensive cytogenetic and molecular studies have suggested that the St (Pseudoroegneria), W (Australopyrum), P (Agropyron Gaertn.) and Xp (Peridictyon O. Seber, S. Frederiksen & C. Baden) genomes are potential donors of the Y genome (Lu et al., 1992; Liu et al., 2006; Okito et al., 2009; Sun and Komatsuda, 2010; Dou et al., 2013; Fan et al., 2013a) . Accumulated evidence has suggested that speciation of the Anthosachne polyploid was derived from hybridization between tetraploid Roegneria C. Koch (2n ¼ 4x ¼ 28, StY) and diploid Australopyrum (2n ¼ 2x ¼ 14, W) species (Torabinejad and Mueller, 1993; Lu et al., 1995; Yen et al., 2006; Fan et al., 2013a) . Roegneria, a large genus in the wheat tribe, includes about 100 species distributed throughout Asia (Yen and Yang, 2011) . Morphologically, Roegneria species have a single spikelet per rachis node with lanceolate glumes and short and broader palea. Cytologically, two ploidy levels, tetraploid (2n ¼ 4x ¼ 28) and hexaploid (2n ¼ 6x ¼ 42, StStY), were recognized in Roegneria species. Following the taxonomic delimitation of genomic constitutions by Löve (1984) , the species with the StY genomes were included in Roegneria (Yen and Yang, 2011) . Tetraploid Roegneria taxa include about 30 species that are of Asian origin and distributed in the Qinghai-Tibetan Plateau, Central Asia, East Asia, West Asia and South-east Europe (Yen and Yang, 2011) . The species of Anthosachne and Australopyrum are restrictedly distributed in some regions of Australasia. Despite the suggestion that tetraploid Roegneria was considered to be the StY genome donor of Anthosachne, the processes that have driven polyploid diversification and speciation, especially with regards to which tetraploid species were involved in hexaploid evolution in island Anthosachne, remain unclear.
Anthosachne australasica, which is the only known apomictic species in the Triticeae (Dewey, 1984; Yen et al., 2006) , includes three varieties, A. australasica var. scabra, A. australasica var. plurinervisa and A. australasica var. typica (Yen et al., 2006) . Both A. australasica and A. australasica var. typica were previously described as Elymus rectisetus (Yen et al., 2006; Barkworth and Jacobs, 2011) . Anthosachne australasica var. scabra and A. australasica var. plurinervisa were included in the Elymus scaber complex (Wang and Henwood, 1999; Yen et al., 2006) . Several infraspecific phenodemes associated with obligately apomicts, predominantly apomicts and facultatively apomicts, have been recognized in A. australasica (Connor, 2005) . Variation in apomictic patterns, together with polyploidization, thus contributes to taxonomic complexity in A. australasica. Several systematists (Wheeler et al., 1982; Jessop, 1986 ) treated A. australasica as a longawned morphologically distinct entity, which was included in A. australasica var. scabra. Wang and Henwood (1999) and Murphy (2003) suggested that A. australasica var. plurinervisa should be elevated to species rank, and A. australasica and A. australasica var. scabra should be conspecific relatives in origin. Combining morphology, cytogenetics and distribution evidence, Yen et al. (2006) suggested that A. australasica var. scabra, A. australasica var. plurinervisa and A. australasica var. typica should be included in the rank of the species A. australasica. However, Barkworth and Jacobs (2011) advocated that A. australasica var. scabra and A. australasica var. plurinervisa should be treated as A. scabra (R.Br.) Nevski and A. plurinervis (Vickery) Barkworth & S. W. L. Jacobs, respectively. Therefore, the definitions, precise taxonomic ranks of A. australasica and its varieties, and their phylogenetic relationships are under discussion. The main problems focus on whether these taxa should be treated as independent species or clumped into the A. australasica complex. In addition, the adaptive and evolutionary potential of Anthosachne apomicts compared with sexual Roegneria taxa are less documented.
Phylogenetic analysis is routinely applied to illustrate evolutionary and taxonomic questions. Molecular phylogenetics allows the testing of biogeographic hypotheses by comparing the estimated node ages of a disjunct group against the estimated age of a historical climatic or geographic event. By combining an effect of a historically geographic event with time-calibrated phylogenies, recent studies have indicated that variation in geographic characters determined the speciation, richness and diversity of plant clades, and hence indirectly influenced plant diversification and evolution (Egan and Crandall, 2008; S€ arkinen et al, 2012; Sha et al., 2016) . Single-or low-copy nuclear genes are less likely to be subject to concerted evolution, thus making themselves ideal tools for tracing the origin of polyploids (Kim et al., 2008) , identifying the genome donors (Mason-Gamer, 2004) , demonstrating the pattern of polyploidization and diversification (Brassac and Blattner, 2015) , tracing a reticulate history and speciation time in polyploids (Marcussen et al., 2015) , and clarifying taxonomic treatments (Fan et al., 2013a) . Comparative phylogenies between singleor low-copy nuclear and chloroplast sequences have become a useful tool to investigate plant polyploid phylogeny (MasonGamer, 2004; Liu et al., 2006; Sha et al., 2016) . Previous chloroplast DNA (cpDNA) data have indicated that despite variation in ploidy levels in Elymus L. sensu lato (s.l.; including Anthosachne), Pseudoroegneria (St genome) served as the maternal donor during the polyploid speciation of Elymus s.l. (Mason-Gamer et al., 2002; Liu et al., 2006; Dong et al., 2013) , which allows phylogenetic relationships among the Stcontaining species to be elucidated on the basis of orthologous comparison. In this study, we sequenced and analysed the single-copy nuclear Acc1 gene and plastid rbcL gene and trnH-psbA region sequences for 60 accessions of A. australasica and their putative donors to explore the origin and relationships of the polyploid Anthosachne species. Based on the combined nuclear and chloroplast sequences of the St genome lineage, a time-calibrated phylogenetic tree was generated to estimate the evolutionary history of Anthosachne. The objectives were: (1) to reveal the phylogenetic relationships between Anthosachne and Roegneria species; (2) to identify the origin of A. australasica; (3) to investigate intraspecific relationships of A. australasica; and (4) to compare the genetic differentiation between sexual Roegneria and apomictic A. australasica.
MATERIALS AND METHODS

Plant materials
A total of 69 polyploids, comprising 60 A. australasica (StYW genomes) accessions and nine Roegneria (StY genomes) species, were analysed together with 33 diploid taxa representing 20 basic genomes in the Triticeae. Sample information (including names, genomes, accession number, origin and abbreviation) and GenBank accession data are listed in Supplementary Data Table S1 . The Acc1 sequences of 27 diploid species and seven tetraploid StY species, and 29 rbcL and 28 trnH-psbA sequences of diploid species, along with the sequences from the genus Bromus L. were obtained from published data (NCBI: http://www.ncbi.nlm.nih.gov/). The seed materials with PI and TA numbers were kindly provided by the American National Plant Germplasm System (Pullman, WA, USA), while the others were collected by ourselves. The plants and voucher specimens are deposited at the Herbarium of Triticeae Research Institute, Sichuan Agricultural University, China (SAUTI).
DNA isolation, amplification and sequencing
Total DNA was extracted from fresh leaves of plants using the CTAB (cetyltrimethylammonium bromide) method (Doyle and Doyle, 1987) . The chloroplast rbcL gene fragment was amplified with the primers rbcL1 and rbcL2 (Kress and Erickson, 2007) . The rbcL sequence amplification was performed in a total reaction of volume of 25 lL of mixture containing 1Â reaction buffer, 1Á5 mM MgCl 2 , 1 lM of each primer, 200 lM of each dNTP [TaKaRa Biotechnology (Dalian) Co., Ltd, Liaoning, China], 20-40 ng of template DNA, 1Á25U of ExTaq Polymerase (TaKaRa) and sterile water to the final volume. The PCR profile included an initial pre-melt of 4 min at 95 C, followed by 30 cycles of 1 min denaturation (94 C), 1 min annealing (55 C) and 90 s extension (72 C), followed by a 10 min final extension at 72 C. The trnH-psbA region was amplified using the primers trnH1 and trnH2 of Shaw and Small (2005) . The PCR protocol differed from that of rbcL in that it included an initial pre-melt of 2 min at 94 C, followed by 35 cycles of 1 min denaturation (94 C), 1 min annealing (46 C) and 2 min elongation (72 C), and ending with a final extension at 72 C. The Acc1 gene was amplified by PCR using the primers AccF1 and AccF2 (Huang et al., 2002) . PCR for the Acc1 gene amplification was conducted under cycling conditions reported previously (Huang et al., 2002) . The PCR products for both nuclear Acc1 and chloroplast rbcL and trnH-psbA fragments were visualized on 1 % agarose gels, purified by an ENZA TM gel extraction kit (Omega, Norcross, GA, USA) and then cloned into pMD19-T vector (TaKaRa, Dalian, China) according to the manufacture's instructions. Ten to fifteen clones per allopolyploid were picked and sequenced to obtain all the possible Acc1 sequences from the putative donor species. DNA was commercially sequenced in both directions by the Beijing Genomics Institute (Beijing, China).
Data analysis
Multiple sequences were aligned using ClustalX (Thompson et al., 1999) , with manual adjustment. The sequence statistics, including nucleotide substitutions, the transition/transversion (TS/TV) ratio and variability of the sequences, were calculated by MEGA 4 (Tamura et al., 2007) .
The chloroplast rbcL and trnH-psbA regions were combined into a common matrix (combined cpDNA). Two data matrices, including Acc1 and combined cpDNA data, were used separately to carry out phylogenetic analyses. Phylogenetic analyses were conducted using the maximum likelihood (ML) method with PAUP*4Á0b10 (D. L. Swofford, Sinauer Associates, http:// www.sinauer.com) and the Bayesian inference (BI) method with MrBayes version v3.1.2 (Huelsenbeck and Ronquist, 2001 ). The evolutionary model used for the phylogenetic analyses was determined using ModelTest v3.0 with the Akaike information criterion (AIC) (Posada and Crandall, 1998) . The optimal models were GTR þ G þ I for the two data sets. In ML analysis, heuristic searches were employed [ACCTRAN; starting tree based on Neighbor-Joining reconstruction; TBR (tree bisection and reconnection) branch swapping; and STEEPEST DESCENT]. Statistical support for nodes in ML analysis was estimated by bootstrap support (BS) (Felsenstein, 1985) . BI analyses were carried out under the same evolutionary model as ML analysis. Two sets of four chains were run for 20 million generations, and trees were sampled and saved every 1000th generation. A majority rule consensus tree was calculated for the two data sets after discarding the first 25 % of the trees as 'burn-in'. The statistical confidence in nodes was evaluated by posterior probabilities (PPs). A PP-value <90 % was not included in the figures.
Phylogenetic analysis of cpDNA sequences has suggested that the Pseudoroegneria species (St genome) served as the maternal donor during the polyploid speciation of the Stcontaining species (StY, StH, StYH, StYP and StYW genomes) (Liu et al., 2006; Dong et al., 2013) . To generate a timecalibrated tree on the basis of orthologous comparison, the Stcopy sequences of the Acc1 and the sequences of chloroplast rbcL and trnH-psbA regions within Anthosachne were combined into a common matrix (combined St sequences) and analysed with its relatives in Triticeae. Clock-like evolution of combined St sequences within Anthosachne and its putative relative species was evaluated with a likelihood ratio test comparing the likelihood scores from the unconstrained and clockconstrained analyses, implemented in PAUP*4Á0b10. Divergence times with 95 % confidence intervals (CIs) were estimated using the Bayesian relaxed molecular clock method, implemented in BEAST v1.4.6 . The lack of fossils for the Triticeae precluded a direct calibration of tree topologies. Instead, molecular dating was based on the divergence time for the basal-most split in the Triticeae (Marcussen et al., 2014) . Priors on the Triticeae crown age [15Á32 6 0Á34 million years ago (MYA)] were set as inferred by Marcussen et al. (2014) . Calibration points were performed using a relaxed uncorrelated lognormal molecular clock. The analysis was run using the Yule species tree prior, as well as the piecewise linear and constant root population model. Three independent analyses were computed for 10 000 000 generations each under the GTR þ G þ I model (with the associated parameters specified by ModelTest v3.0 as the priors), sampling the states every 1000 generations. Tracer v1.4 was used to ensure the convergence of the mixing in terms of the effective sample size (ESS) values and the coefficient rate. Appropriate burn-ins were estimated from each trace file, discarded and all analyses were combined with LogCombiner (http://beast.bio.ed.ac.uk/ LogCombiner). Tree files were compiled into a maximum clade credibility tree using TreeAnnotator (http://beast.bio.ed.ac.uk/ TreeAnnotator) to display mean node ages and highest posterior density (HPD) intervals at 95 % for each node. Trees were then viewed in FigTree v. 1.3.1 (http://tree.bio.ed.ac.uk/).
Nucleotide diversity was estimated as p, which is based on the average number of pairwise differences among sequences (Tajima, 1989) , and as Watterson's (1975) h w , which is based on the number of segregating sites (S) corrected for sample size. To assess the divergence and genetic relationships among Anthosachne taxa and between allohexaploids and its putative progenitors, nucleotide diversity calculated by the number of fixed differences (S F ), the numbers of shared polymorphisms (S S ), nucleotide substitutions per site (D xy ), net nucleotide substitutions per site (D a ) and comparison in polymorphic and monomorphic sites (S pop1 , mutations polymorphic in population 1 but monomorphic in population 2; S pop2 , mutations polymorphic in population 2 but monomorphic in population 1) were estimated with DnaSP 4Á10Á9 (Rozas et al., 2005) . Tests of neutrality including Tajima's, and Fu and Li's D statistic were performed as described by Tajima (1989) and Fu and Li (1993) . Significance of D-values was estimated with the simulated distribution of random samples (1000 steps) using a coalescence algorithm assuming neutrality and population equilibrium (Hudson, 1990) . The haplotypic richness was calculated using the rarefaction method, standardized for the lower sample size, implemented in Contrib 1Á02 (Petit et al., 1998) . Two measures of population differentiation, G ST and F ST , were compared by the programs DnaSP 4Á10Á9 (Rozas et al., 2005) and Arlequin 3Á1 (Excoffier et al., 2005) . G ST makes use of haplotype frequencies and the F ST index is a relative measure of population differentiation, with all estimates weighted by sample size.
RESULTS
Phylogenetic analyses
Acc1 data A total of 111 Acc1 homoeologous sequences, comprising 53 St-copy, 48 W-copy and ten Y-copy types, were obtained from 60 sampled Anthosachne accessions. In theory, 180 single-copy homoeologous sequence should be isolated from 60 hexaploids. In many cases, two (St and W types) or three distinct Acc1 sequence derived from their ancestral genome donors were detected from each accession. The missing genome homoeologous types might result from a sampling artefact, or they might show the occasional loss of one copy of the gene, through either homoeologous recombination or deletion. In addition, the possibility also cannot be ruled out that missing genome types were not sufficiently picked by the screen of 10-15 positive clones. Sampling artefact is the most straightforward explanation, as it would result in a random and balanced sampling for each genome type.
The aligned Acc1 sequences yielded a total of 776 characters, of which 299 were variable characters and 178 were informative. The Acc1 gene tree constructed by the ML method (-ln likelihood ¼ -4739Á3257; base frequencies A, 0Á3539; C. 0Á2143; G. 0Á1746; T, 0Á2571; shape ¼ 0Á7934; pinvar ¼ 0Á1778) was almost identical to the Bayesian consensus tree. The tree illustrated in Fig. 1 is the phylogenetic tree with collapsed clades, and the full tree is shown in Supplementary Data Fig. S1 . In the Acc1 tree, the St-copy, W-copy and Y-copy sequences from Anthosachne accessions were split into tree well supported clades (>70 % BS; >90 % PP), clade I, clade II and clade III ( Fig. 1; Fig. S1 ). The clade I included the St-copy sequences of Anthosachne (StYW) and Roegneria (StY) and the sequences from Pseudoroegneria (St) (97 % BS and 100 % PP). Three Pseudoroegneria species (P. stipifolia, P. libanotica and P. strigosa) and Roegneria caucasica were placed outside the sub-clade including 53 Anthosachne accessions (25 A. australasica, 23 A. australasica var. scabra and five A. australasica var. plurinervisa), one Pseudoroegneria species (P. spicata) and six Roegneria species (R. grandis, R. amurensis, R. stricta, R. ciliaris, R. pendulina and R. japonensis). Clade II contained the W-copy sequences of Anthosachne and the sequence from Australopyrum retrofractum (W) (76 % BS and 97 % PP). In this clade, 24 A. australasica, 20 A. australasica var. scabra and four A. australasica var. plurinervisa formed a monophyletic sub-clade, and Australopyrum retrofractum was placed outside the sub-clade. Clade III consisted of the Y-copy sequences from ten Anthosachne accessions (two A. australasica, six A. australasica var. scabra, and two A. australasica var. plurinervisa) and six Roegneria (StY) species (98 % BS and 100 % PP).
Combined cpDNA data The combined rbcL and trnL-F data yielded a total of 1345 characters, of which 136 were variable characters and 42 were informative. The ML tree (-ln likelihood ¼ -3268Á9553; base frequencies A, 0Á3191; C, 0Á1880; G, 0Á2051; T, 0Á2878; shape ¼ 0Á9909; pinvar ¼ 0Á6962) inferred from the combined rbcL and trnH-psbA data was almost identical to the Bayesian consensus topology. The phylogenetic tree with collapsed clades is shown in Fig. 2 (for the full tree, see Supplementary Data Fig. S2 ). In the phylogenetic tree ( Fig. 2;  Fig. S2 ), all the sampled Anthosachne accessions, Roegneria species, Thinopyrum bessarabicum, Lophopyrum elongatum, Dasypyrum villosum and Pseudoroegneria spicata formed one clade with 67 % BS and 90 % PP. Dasypyrum villosum and P. spicata were at the base of the clade. In this clade, all the accessions of Anthosachne and Roegneria anthosachnoides formed one sub-clade with good statistical support (83 % BS and 98 % PP).
Divergence dating
The BEAST analyses of the combined rbcL, trnH-psbA and the St-copy Acc1 sequences within Anthosachne and its putative tetraploid and diploid species generated a time-calibrated tree (Fig. 3) . Under a lognormal relaxed clock, the coefficient of rate variation was estimated to be 0Á804 (95 % CI 0Á597-1Á015), indicating that a relaxed clock was appropriate. The birth rate indicated by the Yule prior is 0Á282 (95 % CI 0Á215-0Á360). The mean ages with 95 % CIs are indicated in the chronogram (Fig. 3) . The Triticeae crown clade age (15Á09 MYA, 95 % CI 12Á13-18Á5) fitted to our prior. The age of Hordeum was estimated to be 11Á2 MYA (95 % CI 8Á27-15Á09), which is consistent with the previous suggestion that the split between the Hordeum and Aegilops/Triticum lineage ranged from 9 to 13 MYA (Huang et al., 2002; Marcussen et al., 2014; Middleton et al., 2014) . In the time-calibrated tree, all the sampled Anthosachne taxa formed one monophyletic group (100 % PP), and all the Roegneria species and P. spicata were placed outside this monophyletic group (100 % PP). Time calibration analysis demonstrated that the time to the most recent common ancestor (tMRCA) of StYW genome Anthosachne species was dated to 4Á66 MYA (95 % CI 3Á34-6Á68), and the divergence time of the St genome lineages was 5Á55 MYA (95 % CI 3Á92-7Á74).
Nucleotide polymorphism
Based on the rbcL, trnH-psbA and Acc1 data, nucleotide polymorphism including number of segregating sites (S), haplotype diversity (H d ), and measures of nucleotide diversity (p and h w ) were separately calculated for Anthosachne and Roegneria (Table 1 ). The rbcL haplotype diversity within Anthosachne ranged from 0Á417 to 0Á865 and the haplotypic richness (H r ) from 1Á000 to 2Á958. Estimates of nucleotide diversity (p) for the rbcL data within Anthosachne ranged from 0Á0005 to 0Á0032, and Watterson's h (h w ) from 0Á0007 to 0Á0086. The trnH-psbA haplotype diversity within Anthosachne varied from 0 to 0Á738 and the haplotypic richness from 0 to 2Á296. Levels of nucleotide diversity for the trnH-psbA data within Anthosachne varied from 0 to 0Á0059, and h w varied from 0 to 0Á0120. For the Acc1 data, all the Anthosachne population consisted of heterozygous haplotype diversity ranging from 0Á9 to 0Á992, and the haplotypic richness ranged from 3Á000 to 3Á921. Estimates of nucleotide diversity within Anthosachne ranged from 0Á0063 to 0Á0107 and h w from 0Á0066 to 0Á0162. Nucleotide polymorphism between Anthosachne and Roegneria was also compared. The number of segregating sites in Anthosachne (the rbcL data, 35; the trnHpsbA data, 36; the Acc1 data, 62) was higher than that in Roegneria (the rbcL data, 3; the trnH-psbA data, 13; the Acc1 data, 10). The H r value in Anthosachne was 2Á526 for the rbcL data, 2Á012 for the trnH-psbA data and 3Á895 for the Acc1 data, while the H r value in Roegneria was 1Á111 for the rbcL data, 3Á778 for the trnH-psbA data and 3Á524 for the Acc1 data. The estimates of nucleotide diversity in Anthosachne were p ¼ 0Á0025 and h w ¼ 0Á0102 for the rbcL data, p ¼ 0Á0041 and h w ¼ 0Á0136 for the trnH-psbA data and p ¼ 0Á0102 and h w ¼0Á0194 for the Acc1 data, while the estimates of nucleotide diversity in Roegneria were p ¼ 0Á0009 and h w ¼ 0Á0015 for the rbcL data, p ¼ 0Á0035 and h w ¼0Á0084 for the trnH-psbA data and p ¼ 0Á0049 and h w ¼0Á0056 for the Acc1 data. The Tajima's and Fu and Li's D tests were conducted on each of the data sets (Table 1) , and all tests had negative values of the neutrality statistic D. The Tajima's and Fu and Li's D values estimated from the rbcL data were -2Á5162 (P < 0Á01) and -5Á5027 (P < 0Á05) for Anthosachne, and -1Á513 (P > 0Á05) and -1Á6827 (P > 0Á05) for Roegneria. The same values calculated by the trnH-psbA data were -2Á2993 (P < 0Á01) and -5Á8918 (P < 0Á01) for Anthosachne, and -1Á363 (P > 0Á05) and -1Á8633 (P < 0Á05) for Roegneria. For the Acc1 data, the Tajima's and Fu and Li's D values were -1Á6495 (P < 0Á05) and -1Á4813 (P < 0Á05) for Anthosachne, and -0. 6707 (P > 0Á05) and -1. 0532 (P > 0Á05) for Roegneria.
Levels of intraspecific differentiation of Anthosachne taxa
Estimates for DNA divergence among Anthosachne taxa are shown in Table 2 . More polymorphic sites were observed in A. australasica (S pop1 ¼ 77) than in A. australasica var. scabra (S pop1 ¼ 52). Comparison between A. australasica and A. australasica var. plurinervisa and between A. australasica var. scabra and A. australasica var. plurinervisa showed more polymorphic sites in A. australasica (S pop1 ¼ 69) and A. australasica var. scabra (S pop1 ¼ 97) than in A. australasica var. plurinervisa (S pop2 ¼ 2 and 3), respectively. Higher pairwise nucleotide divergence was found between A. australasica and A. australasica var. scabra or A. australasica var. plurinervisa
Population differentiation using G ST and F ST among Anthosachne taxa was also estimated ( 
DISCUSSION
The ancestors during the polyploid speciation of Anthosachne Phylogenetic analysis based on Acc1 sequences showed that the St and W genome homoeologous types were separately grouped with the sequences of Pseudoroegneria and Australopyrum with high statistical support (BS > 70 % and PP > 90 %), and combined cpDNA data also indicated that Anthosachne and Pseudoroegneria species were in one clade. This is in agreement with a previous cytogenetic suggestion that the Pseudoroegneria and Australopyrum species served as the St and W genome diploid donors during the polyploid speciation of Anthosachne species (Dewey, 1984; Torabinejad and Mueller, 1993) . A single nuclear marker region, however, was unable to resolve all taxon relationships among StYW genome polyploids. The major difficulty lies in the uncertainty of intraspecific relationships due to the non-monophyly of each taxon in the Acc1 tree. In many cases, different taxa placed scatteredly into one clade and formed a paraphyletic grade with a number of zero-length branches (Clade I and II). As the Acc1 sequences derived from polyploids cluster with sequences obtained from specific diploid species in phylogenetic analyses, they enable the identification of the parental species involved in polyploid formation. The origin of the Y genome in Y-containing species is still unclear, despite decades of intensive efforts. Phylogenetic analysis of ITS (internal transcibed spacer) sequence data presented by Liu et al. (2006) suggested that the Y genome was probably a derivative of the St genome. Analysis 
AU, A. australasica; SA, A. australasica var. scabra; PL, A australasica var. plurinervisa; n, the number of the sites (excluding sites with gaps/missing data); S, the number of segregating sites; p, the average pairwise diversity; h w , the diversity based on the number of segregating sites.
*Haptotypic diversity † Haplotypic richness with rarefaction equal to five. TABLE 2. Divergence among Anthosachne taxa based on the combined rbcL, trnH-psbA and Acc1 data
The numbers in parentheses represent the standard error AU, A. australasica; SA, A. australasica var. scabra; PL, A australasica var. plurinervisa; S pop1 , mutations polymorphic in population 1 but monomorphic in population 2; S pop2 , mutations polymorphic in population 2 but monomorphic in population 1; D xy , the average number of nucleotide substitution per site between the two species. D a , the number of net nucleotide substitution per site; S S .the number of polymorphic sites shared by the two populations; S F the number of fixed differences between the two populations. of Y-containing Elymus species based on RPB2 (Sun et al., 2008) and EF-G (Sun and Komatsuda, 2010) showed that the Y genome has a different origin from the St genome. Data from the pepC (Mason-Gamer et al., 2010), GBSSI (Mason-Gamer et al., 2010), Acc1 (Fan et al., 2013a) and Pgk1 (Fan et al., 2013a) gene region indicated that the Y genome is related to the V genome in Dasypyrum villosum, the Q genome in Heteranthelium piliferum and the Xp genome in Peridictyon sanctum. In the present Acc1 tree, the Y-type sequences from Anthosachne and Roegneria were grouped with the V genome in D. villosum (100 % BS and 100 % PP), and the Xp genome in P. sanctum was placed outside the group with strong statistical support (80 % BS and 98 % PP), which is consistent with previous studies (Mason-Gamer et al., 2010; Fan et al., 2013a) . Our results supported the hypothesis that the Y genome was not derived from the Pseudoroegneria species.
Anthosachne has its origin through a natural polyploidization process, which originated from hybridization between tetraploid Roegneria and diploid Australopyrum species (Torabinejad and Mueller, 1993; Lu et al., 1995; Yen et al., 2006; Fan et al., 2013a) . The present phylogenetic analysis based on the combined cpDNA sequences showed that Anthosachne was grouped with Pseudoroegneria and Roegneria, indicating that Pseudoroegneria and Roegneria are closely related to Anthosachne, and the St lineage from Roegneria served as the maternal chloroplast parent during the speciation of Anthosachne. This result, in conjunction with the biparentally inherited Acc1 tree ( Fig. 1; Fig. S1 ), implies that Australopyrum (W) species were the paternal parents for the Anthosachne species.
Genus Roegneria is the donor of StY genomes to Anthosachne and contains approx. 30 species that distributed in the Qinghai-Tibetan Plateau, Central Asia, East Asia, West Asia, and South-east Europe (Yen and Yang, 2011) . In the calibrated phylogenetic tree inferred from the combined St sequences herein, Anthosachne formed one monophyletic group, followed by Pseudoroegneria and Roegneria. The combined cpDNA data showed that all the sampled Anthosachne taxa were grouped with Roegneria anthosachnoides from southwest of China with 98 % BS and 100 % PP. These results are in good agreement with previous studies by Liu et al. (2006) based on analysis of chloroplast trnL-F sequences of 45 accessions of Elymus L. s.l. (including 25 Roegneria speceis with StY genomes), where A. australasica and three Roegneria species (including R. anthosachnoides) from south-west of China were in one clade. Given the present data, it is suggested that the contributor to StY genomes of Anthosachne is most probably related to current Roegneria species from south-west of China.
Because hybridization requires physical proximity, it is pertinent to assess polyploidization events in Anthosachne from a geographic perspective. Anthosachne and its donor of the W genome (Australopyrum) are Australasian native Triticeae genera, and the donor of the StY genomes (Roegneria) is of Asian origin (most Roegneria species are distributed in south China), indicating that Anthosachne has its origin through a historical hybridization event between ancestral Roegneria and Australopyrum species in Australasia. The occurrence of ancestral Roegneria in Australasia might result from either a Gondwanan origin or a migration event. Geological evidence indicated that the creation of Australia and New Zealand resulted from the break-up of Gondwana, and Australia had a long history of separation from Antarctica, with full separation in the early Oligocene (35 MYA) (Upchurch, 2008) . However, grass pollen and fossil plants did not appear in the fossil record in Australia until the Miocene (5-23 MYA) (Kershaw et al., 1994) . Our molecular dating analysis showed that the most recent common ancestor (tMRCA) of the StYW genome Anthosachne species, StY genome Roegneria tetraploids and Pseudoroegneria diploid was dated to 5Á55 MYA, and the divergence time of Anthosachne was 4Á66 MYA, which is in agreement with the suggestion that the origin of Roegneria was prior to the origin of Anthosachne. Combined with geological and fossil plant evidence, it can be suggested that the timing of the continental separation of Australia from the break up of Gondwana was significantly prior to that of the entry of Roegneria into Australia. We thus prefer the explanation of migration to Australia. Previous studies based on morphological and geographic data (West et al., 1988) and DNA information (Appels and Baum, 1992; Fan et al., 2013b) implied a Eurasian origin of the Triticeae. Migration leading to the present distribution of most Triticeae plants involved transcontinental migrations and long-distance dispersals (Blattner, 2006; Fan et al., 2013b) , which may explain the occurrence of ancestral Roegneria in Australasia. Evidence from geological and plate tectonic evolution has suggested that the Australian plate collided with Sundaland (South-east Asia and the Indonesian archipelago) in the Miocene (Powell et al., 1981; Pubellier et al., 2003) , which led to the emergence of islands and land bridges. Land bridges repeatedly connected some areas, including New Guinea and Australia, and Indochina, Sumatra, Java and Borneo on the Sundaland shelf, allowing overland migration among the Asian mainland, Sundaland and Australia in the late Miocene (5-10 MYA) (Nauheimer et al., 2012) . Therefore, it is possible that the ancestral Roegneria allotetraploid might have colonized by transcontinental migrations and long-distance dispersals from Asia to Australasia via South-east Asia during the late Miocene. This provided physical proximity for allohexaploidization between the Roegneria entity and Australopyrum species in Australasia during the Pliocene and for the range expansions of the A. australasica complex (Fig. 4) . However, the reason for the extinction of Roegneria in Australasia is uncertain. Because sexual and apomictic plants often occur in close proximity, gene flow via pollen from apomicts to outcrossing plants may lead to the spread of apomixis genes into the outcrossing population, compromising the integrity of the outcrossing population and placing the outcrossing population at risk of extinction (van Dijk and van Damme, 2000; Noyes, 2006) . Since Roegneria species are outcrossing sexual plants, it is likely that apomixis genes from Anthosachne taxa may be transmitted into outcrossing Roegneria ancestors through backcrossing, leading to the extinction of Roegneria in Australasia.
Intraspecific relationships within A. australasica complex Anthosachne australasica, A. australasica var. scabra and A. australasica var. plurinervisa were previously described as E. rectisetus, E. scaber and E. scaber var. plurinervis, respectively (Wang and Henwood, 1999; Yen et al., 2006) , and fertile hybrids were formed among them (Torabinejad et al., 1987; Torabinejad and Mueller, 1993; Yen et al., 2006) . It has long been a question whether to treat A. australasica and A. australasica var. scabra as distinct species or taxa within a single species. Analysis of morphological characteristics regarded A. australasica as synonymous with long-awned forms of A. australasica var. scabra (Löve and Connor, 1982) . In a series of experiments, Hair (1956) recorded the occurrence of pseudogamous diplosporous apomixis in A. australasica, which is the only embryologically documented apomict in the Triticeae (Dewey, 1984) . Crane and Carman (1987) reported that longawned forms of A. australasica var. scabra were also apomictic. Data from morphology, embryology, cytology and pollen characteristics suggested that A. australasica and A. australasica var. scabra should be recognized at the rank of the species (Murphy, 2003) . Based on morphological and cytogenetic evidence, Yen et al. (2006) proposed that A. australasica var. scabra and A. australasica var. plurinervisa should be included at the rank of variety in the species A. australasica. In this study, estimates of nucleotide divergence among A. australasica, A. australasica var. scabra and A. australasica var. plurinervisa ranged from 0Á00447 (between A. australasica and A. australasica var. plurinervisa) to 0Á00647 (between A. australasica and A. australasica var. scabra), and no fixed difference was observed among Anthosachne taxa (Table 2) , indicating a low level of genetic differentiation among Anthosachne taxa. Such a low level of genetic differentiation is further strengthened by the present estimates of pairwise population differentiations (G ST and F ST ), where in all population pairs, no more than 5Á5 % of total nucleotide diversity was attributable to taxa divergence (Table 3) . A low level of genetic differentiation is indicative of a single reproductive unit, and may also explain the lack of phylogenetic resolution within Anthosachne taxa, as shown in the present phylogenetic tree with a high number of zero-length branches. In addition, phylogenetic analysis of the W-copy Acc1 gene, cpDNA sequences and time-calibrated data showed a monophyletic origin of Anthosachne, indicating that the genus might originate through a single allopoyploidization FIG. 4 . Scheme de monstrating the process of the colonization of Roegneria entity during the late Miocene, the speciation of Anthosachne polyploids during the Pliocene and subsequent range expansions within the A. australasica complex.
event. In this case, the initially very restricted population size of the founder, together with partial apomixis preventing recombination by perpetuating genetic constitution of female gametes, might result in low genetic differentiation among Anthosachne taxa. Combining previous cytogenetic results (Torabinejad et al., 1987; Torabinejad and Mueller, 1993; Yen et al., 2006) , it is reasonable to recognize A. australasica var. scabra and A. australasica var. plurinervisa as A. australasica complex. From a standpoint of reproductive biology, we tend to support the system of classification proposed by Yen et al. (2006) . Comparisons of nucleotide diversity at the population level based on the rbcL, trnH-psbA, and Acc1 data showed that A. australasica possesses a much higher level of nucleotide variation than A. australasica var. scabra and A. australasica var. plurinervisa (Table 1 ). This suggests that a contrasting pattern of population genetic structure exists for the three taxa. A different level of genetic diversity and contrasting population genetic structure might be explained by factors such as reproductive system, population size and history, and habitat that are diverged markedly among population (Zhou et al., 2008) . Theoretical and empirical investigation suggested that outcrossing taxa possess a higher level of genetic diversity and lower genetic differentiation among populations than the predominantly inbreeding taxa (Zhou et al., 2008) . Anthosachne australasica is currently described as apomictic with long awns, A. australasica var. scabra taxa is a mix of both sexual and apomictic individuals and A. australasica var. plurinervisa is exclusively sexual (Torabinejad et al. 1987; Wang and Henwood, 1999; Murphy, 2003; Yen et al., 2006) . Within the A. australasica complex, apomixis is much more prevalent among outcrossing taxa than inbreeding taxa (Löve and Connor, 1982; Yen et al., 2006) . The apomictic taxa were observed to be outcrossing in nature, and the taxa with sexual reproduction are inbreeding plants (Yen et al., 2006) . Genetic variation in a selfing species would be reduced by decreasing effective population size and eliminating the effective rate of recombination (Charlesworth, 2003) . Phytogeographically, A. australasica and A. australasica var. scabra are distributed in Australia and New Zealand, while A. australasica var. plurinervisa is restricted to New South Wales and Queensland of Australia (Yen et al., 2006) , implying a limited population size in A. australasica var. plurinervisa. The habitats preferred by A. australasica are mountainous meadow, steppe desert and dry slopes on the coast. However, A. australasica var. plurinervisa grows in the region with black alkaline clay. Taking all this into consideration, it is not unexpected that apart from the factor of a difference in natural distribution and habitats within the A. australasica complex, the outcrossing and apomictic A. australasica possess a higher level of genetic diversity than facultatively autogamous A. australasica var. scabra and inbreeding A. australasica var. plurinervisa.
Differentiation of the St genome following an allohexaploid speciation event
The St-type sequences of both nuclear Acc1 gene and cpDNA were obtained from nearly all the polyploid species, which allows analysis of genetic differentiation between Roegneria and Anthosachne to be elucidated on the basis of orthologous comparison. On the basis of three data sets (the rbcL, trnH-psbA and Acc1 gene data), the level of nucleotide diversity (Tajima's p and Watterson's h w ) in Anthosachne in Australasia was higher than that in continental Roegneria, and Tajima's and Fu and Li's D statistic suggests a departure from the equilibrium neutral model at these loci, with an excess of rare sequence variants in Anthosachne species. The genetic diversity patterns observed are therefore inconsistent with the traditional assumption that oceanic island populations exhibit lower levels of genetic variation than their continental relatives (Barrett, 1996; Fern andez-Mazuecos and Vargas, 2011; Désamoré et al., 2012) . There are three possible explanations for this inverted pattern of genetic diversity. The first one is mutation because mutation was considered to be an important factor that can increase genetic variation in a population and is of special importance in apomictic populations (Nybom, 2007; Lo et al., 2009) . It was reported that levels of heterozygosity in genetic diversity could be increased by independent mutations in different alleles at different loci, and such mutations may appear more rapidly and accumulate over time, particularly in higher apomictic polyploids (Lo et al., 2009) . Anthosachne is the only apomictic taxon in Triticeae. Genetic diversity could be increased by mutation at rbcL, trnH-psbA and Acc1 loci in apomictic Anthosachne taxa compared with no apomictic Roegneria taxa. The second explanation is that greater diversity in Anthosachne could reflect the evolutionary potential of asexuality following an allopolyploidization event. Recent evidence showed that diversity can be rapidly generated in early stages of allopolyploidy, due to genome reorganization (Fledman and Levy, 2012; Soltis et al., 2015) . Apart from potential hybrid vigour, apomictic polyploids can take advantage not only of uniparental reproduction, lowered cost of sex and maintaining adapted genotypes, but also of reproduction by seeds including better dispersal ability compared witho vegetative reproduction (Hörandl and Paun, 2007) . This leads to great ecological and evolutionary success of apomictic polyploids. Consequently, as the new apomictic species in Anthosachne established itself in new habitats (oceanic island) during the Pliocene, the populations expanded and further diversified, harbouring high diversity generated from an allopolyploidization event within and among taxa as seen today. This is in line with the present discovery that the island Anthosachne shows high nucleotide diversity compared with the mainland Roegneria. Thirdly, it cannot be ruled out that Roegneria population expansion could result in lower diversity in Roegneria compared with Anthosachne. Population expansion might have accelerated the fixation of mildly deleterious replacement mutations that became effectively neutral in Roegneria populations, as indicated by the present analysis of Tajima's and Fu and Li's D statistics. In addition, much of the continental distribution of the Roegneria species is likely to be the result of a recent range expansion.
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